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Mesoporous TiO2 with high surface area was synthesized
via a sol–gel process in a bicontinuous microemulsion. The
mesoporous structure was retained to some extent even if the
anatase-TiO2 nanocrystallite produced in the mesophase with
heating. The mesoporous anatase-TiO2 showed an effective Li-
intercalation property.

The use of organized systems with surfactant is much attrac-
tive to synthesis of nanostructured inorganic materials. For ex-
amples, reversed micelles and W/O emulsions have been used
for the synthesis of nanoparticles,1 and in recent years the use
of micelle as a template has proven for tailor-making mesopo-
rous materials.2–5 From the viewpoint of synthesis of porous ma-
terials, a bicontinuous microemulsion, which forms in a water/
surfactant/oil ternary system with a balanced hydrophilicity
and lipophilicity, would be a unique reaction field for the struc-
tural regulation. The bicontinuous microemulsions are struc-
tured as compartmentalized liquid phases, in which the oil and
water phases are separated by surfactant layers into 3-D inter-
connected nanometer-wide channel networks.6 The volume
and average width of each channel can be controlled with com-
ponent and composition of water/surfactant/oil. Therefore bi-
continuous mesoporous structures of inorganic materials, the
pore size and wall thickness of which are tunable in a wide
range, are expected to be constructed if a mineralization takes
place dominantly in the one compartmentalized phase. However,
there are only a few studies related to the bicontinuous microe-
mulsion-aided synthesis to date, and the reported are of synthe-
ses of macroporous frameworks of silica and calcium phos-
phate.7–9 In the present work, mesoporous TiO2 with relatively
high surface area was synthesized successfully as the first exam-
ple of bicontinuous microemulsion-aided synthesis of mesopo-
rous metal oxide. In addition, electrochemical Li-intercalation
properties of the mesoporous TiO2 were also investigated.

A bicontinuous microemulsion was prepared by mixing di-
dodecyldimethyammonium bromide (DDAB), hexane and aq
HCl (4� 10�3 mol dm�3) with the wt% of 34, 36, and 30, re-
spectively.7,10 The mixture was stirred for 30min at room tem-
perature until a transparent solution was obtained. Titanium tet-
rabutoxide (TTB) was added dropwise to the stirred
bicontinuous microemulsion with a weight ratio of DDAB:TTB
= 3.4:1.4. After further stirring for 30 s and storage at room tem-
perature for 1 day in N2 atmosphere, the obtained gel was filtered
off, washed thoroughly with hexane, dried in an oven at 110 �C
for 12 h and finally calcined in air at 300–380 �C for 6 h. In the
following, the samples are denoted as BMPT[x], where x indi-
cates the calcination temperature. The BMPT[300] was slightly
brownish, and BMPT[350] and BMPT[380] were colorless,

meaning that almost all the organics were removed by the calci-
nation above 350 �C for 6 h.

On X-ray diffraction (XRD) measurements (Rigaku
RINT2200), broad peaks assignable to anatase-TiO2 were ob-
served on BMPT[350] and BMPT[380] although all the samples
showed no distinct XRD peak at 2�=degree < 10. This indicates
that the BMPTs did not possess an ordered mesoporous structure
like as in micelle-templated mesoporous silica and TiO2 crystal-
line phase produced with heating above 350 �C. Nitrogen ad-
sorption–desorption isotherms of the BMPTs, which were mea-
sured at 77K (Micromeritics, Gemini 2370), are compared in
Figure 1(i). Pore volume and BJH pore size distribution were
calculated using their adsorption branches (Table 1, Figure
1(ii)). The isotherms can be classified into type IV and the inflec-
tion characteristic of capillary condensation into mesopores is
observed for all the samples at 0:2 < p=p0 < 0:5, confirming
the presence of mesopores. The values of BET surface area of
BMPT[300] and BMPT[350] were over 300m2 g�1, which were
higher than the reported on mesoporous TiO2 synthesized using
triblock-copolymer as a template.3 With increasing x (calcina-
tion temperature), the BET surface area and mesopore volume
of BMPTs decreased and the mean mesopore diameter increased
because of the disappearance of small size mesopores below
3 nm in diameter by the sintering. Figure 2 shows transmission
electron microscope (TEM, JEOL JEM-2010) images of a pre-
cursor gel heated at 110 �C, BMPT[300] and BMPT[380]. Fi-
brous continuous nanochannels with ca. 5-nm width, which con-

Figure 1. (i) Nitrogen adsorption–desorption isotherms and (ii) pore
size distributions of BMPTs; (a) BMPT[300], (b) BMPT[350], (c)
BMPT[380]. The closed and opened symbols indicate adsorption
and desorption processes, respectively.

Table 1. Parameters associated with porous structure

Sample S/m2 g�1a V/cm3 g�1b D/nmc

BMPT[300] 402 0.40 2.2

BMPT[350] 312 0.34 2.5
BMPT[380] 127 0.21 3.5
a BET surface area, b Pore volume, c Mean mesopore diameter.
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sisted of TiO2-gel wall (black lines in the image) and surfactant
(bright parts), were observed for the precursor sample (Figure
2a). This means that TiO2-gel formation occurred preferentially
at the water/oil or water/surfactant interface in the bicontinuous
microemulsion. On the other hand, a disordered mesoporous
structure consisted of continuous nanochannels with 2–4-nm
width was confirmed on BMPT[300] (Figure 2b). For BMPT-
[380], the observed mesoporous structure included nanocrystal-
lites with the size of ca. 6 nm, which was consistent with that de-
termined from the FWHM of XRD peaks of anatase-TiO2. These
results suggest that fibrous nanochannels in the precursor, which
probably reflect the organized structure of bicontinuous microe-
mulsion, changed into the mesoporous structure accompanying
the shrinkage of mesopore with heating (removal of organics)
and the disappearance of small size mesopores with sintering.
It is noteworthy that disordered mesoporous TiO2 with relatively
high surface area could be obtained by the present method and
the mesoporous structure was retained to some extent even if
TiO2 nanocrystallites produced in the mesoporous phase.

Li-intercalation properties of BMPTs were investigated at
room temperature by galvanostatic technique (Hokuto Denko,
HZ-3000) using a sealed three-electrode cell equipped with Li
counter and reference electrodes. A mixture of BMPT, acetylene
black, and polytetrafluoroethylene with a weight ratio of 5:20:2
was pressed onto a nickel mesh and was used as a working elec-
trode. Electrolyte was a 1mol dm�3 solution of LiClO4 in PC–
DME (1:1 by vol.). The cut-off voltages for galvanostatic dis-
charge/charge were set at 3.6 and 1.4V vs Li/Liþ. Figure 3
shows galvanostatic lithium insertion/extraction curves of

BMPTs at the charging rate of 1 C (= 0.168A g�1). With in-
creasing x, the capacity increased and the plateau regions around
1.7V (insertion process) and 2.0V (extraction process) appeared
and extended. Since the plateaus are related to the phase transi-
tion between tetragonal and orthorhombic phases with Li inter-
calation into anatase-TiO2,

11 the extension of the plateau with
increasing x indicates the increase in crystallinity of mesoporous
TiO2. The capacity of BMPT[380] at 1 C was determined from
the extraction curve to be 148mAh g�1 (Li0:44TiO2), which was
88% of the theoretical value of 168mAh g�1 assuming the max-
imum of y ¼ 0:5 in LiyTiO2. The estimated capacity was compa-
rable to that of reported on nanocrystalline TiO2 electrodes with
high surface area.12,13 These results suggested that the mesopo-
rous TiO2 structure resulting from the bicontinuous microemul-
sion-aided process would be effective to Li-intercalation. Since
the process has a potential to control the mesoporous structure
in wide range as mentioned in introduction, the present work
would contribute to develop functional porous electrode materi-
als such as Li-batteries and supercapacitors.
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Figure 2. TEM images of (a) surfactant/TTB composite gel precur-
sor, (b) BMPT[300] and (c) BMPT[350].

Figure 3. Galvanostatic Li-insertion/extraction curves at 1 C of
(a) BMPT[300], (b) BMPT[350] and (c) BMPT[380].
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